In Escherichia coli, repression of the aceBAK operon is mediated by the IclR protein. We used an in vitro oligonucleotide selection technique to determine the consensus recognition sequence for IclR. Mutational analysis confirmed the contribution of this sequence to repression in vivo and identified the ؊35 element of the promoter.
In Escherichia coli, adaptation to growth on acetate or fatty acids requires the induction of the aceBAK operon. This operon encodes the metabolic and regulatory enzymes of the glyoxylate bypass. The metabolic enzymes of the bypass are isocitrate lyase (aceA) and malate synthase (aceB) (2, 3, 12, 15) . Once it is induced, the flow of isocitrate through this pathway is regulated by phosphorylation of isocitrate dehydrogenase in a reaction catalyzed by isocitrate dehydrogenase kinase-phosphatase (aceK) (1, 5, 11, 13) . This pathway is essential for growth on acetate or fatty acids, since it prevents the quantitative loss of the entering carbon as CO 2 in the Krebs cycle.
Transcription of the aceBAK operon is initiated from a single site upstream of aceB. Although sequences upstream of the start site are similar to the consensus for promoter elements in E. coli, the ability of these sequences to promote transcription has not been tested (3) .
Expression of aceBAK is activated by integration host factor (23) and is repressed by IclR (9, 18, 23, 24) . In addition to repressing aceBAK, IclR also represses its own expression. In this paper, we determine the sequence requirements for IclR binding and examine the operator-promoter region of aceBAK.
The consensus DNA sequence for IclR binding. The DNA sequence required for the binding of IclR was determined by oligonucleotide selection in vitro (21) . This technique employs an electrophoretic mobility shift to select sequences which are capable of binding to IclR from a pool of degenerate oligonucleotides ( Fig. 1) . Following a total of four rounds of selection, the oligonucleotides were cloned into a sequencing vector and the sequences of 44 independent isolates were determined. The binding site consensus was determined by comparing these sequences (Fig. 1) . The location of the binding site within the degenerate region of the probe appeared to be distributed randomly among the 44 clones that were sequenced (data not shown).
The consensus IclR binding sequence contains a core that is highly conserved. This core is a palindromic repeat of seven nucleotides separated by one nucleotide which is much less conserved (Fig. 1) . Flanking the core consensus are several positions which exhibit a moderate sequence preference.
The IclR binding sites of aceBAK and iclR contain sequences which exhibit extensive homology with the consensus (Fig. 2) . The IclR binding site of aceBAK matches the core consensus at 12 of 14 positions. The two mismatched nucleotides occur within the proposed Ϫ35 promoter element of aceBAK. The IclR binding site of iclR matches the core consensus at 13 of 14 positions. The mismatched nucleotide also occurs within a proposed promoter element (6) . Several adenines occur upstream of the IclR binding sites of both aceBAK and iclR. A FIG. 1. Determination of the consensus sequence for IclR binding. IclR binding sequences were selected from a pool of degenerate oligonucleotides essentially as described by Pollock and Treisman (21) . A single-stranded, 70-base oligonucleotide pool was synthesized by National Bioscience Inc. Each oligonucleotide in the pool was composed of 31 random nucleotides flanked by two constant sequences: 5Ј GCTGCTCGAGTTCTCCTCCCACG and GTTCGCGGATCCCGTC 3Ј. The oligonucleotides were labeled with [␣-32 P]dCTP during the synthesis of the second strand with a Klenow fragment. Twenty picomoles of the labeled oligonucleotide pool was mixed with purified IclR (4, 6) and subjected to electrophoresis on a 4.5% nondenaturing polyacrylamide gel. The DNA in the IclR-DNA complex was isolated from the gel and amplified by PCR. The amplified DNA was then subjected to a second round of selection. Following a total of four rounds of selection, the DNA product was inserted into pT7/T3␣ (16) and 44 independent isolates were sequenced. Sequences from the degenerate region of the probe were aligned. Core refers to the consensus sequence from the regions which exhibited the greatest preference for specific nucleotides.
preference for adenines in this region was also observed among the oligonucleotides which were selected in vitro (Fig. 1) .
Most known transcriptional factors of bacteria or bacterial phage bind to palindromic DNA sequences as dimers (14) . Each monomer is thought to recognize one half-site of the dyad (20) . The dyad symmetry in the IclR binding sequence suggests that IclR may also bind to DNA in a symmetrical fashion. Consistent with this suggestion, Negre et al. have reported that IclR exists as a dimer in vitro (18) .
Mutagenesis of the IclR binding site of aceBAK. Mutagenesis was used to assess the contributions of the sequences around the IclR binding site of aceBAK to repression and to promoter activity in vivo. Each construct carried a single base pair change. The data presented in Fig. 1 were used to select mutations which would be expected to have a substantial effect on IclR binding. We then determined the effects of these mutations on expression of an aceB:lacZ operon fusion during growth in minimal glucose medium, a medium which causes IclR-mediated repression of aceBAK.
Effects of the mutations on promoter activity were evaluated by measuring aceB:lacZ expression in an iclR::kan background (Fig. 3A) . Mutations within the sequence which matched the consensus for Ϫ35 elements dramatically reduced expression. Mutations at several other positions also decreased the promoter activity, possibly by changing the context of the Ϫ35 element.
The extent of IclR repression can be measured for each construct by comparing the expression in iclR ϩ and iclR::kan strains (Fig. 3A) during growth on glucose (ratios are presented in Fig. 3B ). Repression of aceB:lacZ expression by IclR was reduced after the nucleotides that match the core consensus recognition sequence (indicated by the arrows in Fig. 3) were mutated, demonstrating that these nucleotides mediate IclR repression in vivo. The nucleotide at Ϫ39 appears to have dual functions: contributing to both IclR repression and promoter activity. Significant loss of repression was also observed for mutations in the regions which flanked the core consensus. This result is consistent with the observation that IclR exhibits a moderate sequence preference in these regions (Fig. 1) .
The mutational analysis indicates that a region upstream of aceBAK has two opposing functions: binding RNA polymerase and the IclR repressor protein.
A similar situation appears to exist for iclR. The sequence requirements for the binding of IclR and RNA polymerase are distinct (Fig. 2) , necessitating a balance between these functions. For both operators, maximal repression appears to have been sacrificed in the interest of producing a stronger promoter. However, reducing the affinity of IclR for the operator associated with the aceBAK promoter might be beneficial, since it would enhance induction of this operon during growth on acetate. Similarly, reducing the affinity of IclR for the iclR operator might be necessary to provide an appropriate cellular level of IclR. This need to balance competing functions is a problem which must be resolved whenever a DNA sequence binds more than one protein factor.
This research was supported by grant DK40486 from the National Institutes of Health.
We thank Dennis Livingston for a critical reading of the manuscript. (Fig. 1) is compared with the regions of aceBAK and iclR which are protected by IclR during DNase I footprinting (4, 6) . Boxes indicate regions of aceBAK and iclR which are similar to the Ϫ10 or Ϫ35 elements of 70 -type promoters in E. coli (7) . The consensus sequences of these promoter elements are also shown, with bases which exhibit more than 70% conservation presented as capital letters. Prior to this study, these sequences had not been directly shown to stimulate transcription. However, these elements do occur at the expected distances from the transcriptional start sites (3, 6) .
FIG. 3. Mutational analysis of the IclR binding site of aceBAK.
Single base mutations were introduced into the operator region of an aceB:lacZ operon fusion either by PCR with a contaminated oligonucleotide (8) or by oligonucleotide-directed mutagenesis with the Transformer site-directed mutagenesis kit from Clontech Laboratories Inc. These operon fusions included 195 bp upstream of the transcription start site and the first 223 bp of the coding region of aceB (23) . The presence of a single mutation in each construct was confirmed by sequence analysis (10) . The aceB:lacZ fusions were then introduced into the lac locus of the chromosomes of congenic strains W4680 (iclR ϩ ) and ERL5R (iclR: kan) (6, 22) . Cultures were grown on minimal glucose medium (19) to mid-log phase at 37ЊC and then assayed for ␤-galactosidase activity (17) The ratio of the activities determined in the iclR::kan and iclR ϩ strains. In two cases (each marked with an asterisk), the very low activity from the iclR ϩ strain resulted in a calculated ratio that was statistically unreliable. VOL. 178, 1996 NOTES 3983
